Eighteen patients with isolated left bundle branch block (LBBB) were compared with 10 normal control subjects. Apexcardiograms, phonocardiograms, electrocardiograms, two-dimensional and dual M-mode echocardiograms, and radionuclide ventriculograms (RNV) were performed. There were no differences in the timing of right ventricular events between LBBB and normal subjects; however, striking delays in left ventricular systolic and diastolic events were apparent in the LBBB group. The delay was associated with shortening of left ventricular diastole and resultant increase in the ratio of right to left ventricular diastolic time in LBBB (1.2 ±0.08) compared with normal (1.0± 0.06), p <0.0001. First heart sound (S1) amplitude, expressed as the ratio S11S2, was decreased in LBBB compared with normal (0.67±0.2 compared with 1.34+0.25, p<0.01), in part due to wide separation of the valvular contributors to S1. The abnormal interventricular septal motion in LBBB corresponded to periods of asynchrony in contraction, ejection, end systole, and end diastole between right and left ventricles. Radionuclide ventriculograms revealed decreased regional ejection fraction of the septum in LBBB (40±16o) compared with 67±7% in normal subjects (p<0.001), while the apical and lateral regional ejection fractions were similar in the two groups. This loss of septal contribution resulted in a reduction in global ejection fraction in LBBB compared to normals (54+7% compared with 62±5%, p<0.005). The magnitude of systolic septal motion (echocardiography) and septal ejection fraction (RNV) were closely correlated to the ratio of right to left ventricular diastolic time (r=-0.86 and -0.85, respectively). Thus, isolated LBBB caused global ventricular abnormalities manifested by abnormalities in diastolic filling times, heart sounds, interventricular septal motion, and left ventricular ejection fraction. (Circulation 1989;79:845-853 
1.34+0.25, p<0.01), in part due to wide separation of the valvular contributors to S1. The abnormal interventricular septal motion in LBBB corresponded to periods of asynchrony in contraction, ejection, end systole, and end diastole between right and left ventricles. Radionuclide ventriculograms revealed decreased regional ejection fraction of the septum in LBBB (40±16o) compared with 67±7% in normal subjects (p<0.001), while the apical and lateral regional ejection fractions were similar in the two groups. This loss of septal contribution resulted in a reduction in global ejection fraction in LBBB compared to normals (54+7% compared with 62±5%, p<0.005). The magnitude of systolic septal motion (echocardiography) and septal ejection fraction (RNV) were closely correlated to the ratio of right to left ventricular diastolic time (r=-0.86 and -0.85, respectively). Thus, isolated LBBB caused global ventricular abnormalities manifested by abnormalities in diastolic filling times, heart sounds, interventricular septal motion, and left ventricular ejection fraction. (Circulation 1989; 79:845-853) V entricular hemodynamics in patients with left bundle branch block (LBBB) have been extensively evaluated. Previous investigators have studied a small number of LBBB patients and used different techniques such as phonocardiography and pulse tracings,1-4 echocardiography,5-7 radionuclide studies,8'9 or cardiac catheterization.'0-14Each method has intrinsic advantages and limitations; thus, variability in techniques alone may in part account for conflicting results. Furthermore, LBBB patient populations have not been well defined and the reported abnormalities may relate not only to the conduction delay but also underlying myocardial disease.
We hypothesized that abnormal ventricular activation itself may lead to interventricular asynchrony and global cardiac abnormalities. To test this hypothesis, we studied a well-defined population of patients with isolated LBBB in the absence of other cardiac disease. To overcome intrinsic limitations of each noninvasive technique, we used all of the available noninvasive methods to study each patient.
Methods

Patient Population
Through screening of admission electrocardiograms, 18 patients with LBBB in the absence of other cardiac disease were identified. LBBB was defined as QRS duration >0.12 seconds; notching or slurring of the QRS with an initial R wave in I, aVI, and the left precordial leads and with the peak 846 Circulation Vol 79, No 4, April 1989 of the R wave occurring relatively late in the QRS interval; and displacement of the ST segment, and usually the T wave, in a direction opposite that of the principal QRS deflection.
There was no evidence of mechanical heart disease (previous myocardial infarction, congenital, valvular or myocardial disease) by history, physical examination, echocardiography, or radionuclide ventriculography (RNV). Each subject had a normal left ventricular end-diastolic diameter (<5.8 cm), and all had normal left ventricular wall motion (excluding septum and apex) by both visual radionuclide evaluation and two-dimensional echocardiography. Patients were excluded if there was evidence for cardiac disease other than conduction system disease or if the requisite diagnostic studies were technically inadequate. The etiology of the LBBB was considered to be primary conduction disease in all patients. Ten healthy hospital employees with a normal history, physical examination, electrocardiogram, echocardiogram, and RNV served as a control group.
Graphics
After informed consent was obtained, patients and control subjects underwent a history and physical examination and a 12-lead electrocardiogram. Simultaneous electrocardiogram, phonocardiogram, and two-dimensional and dual M-mode echocardiograms were obtained with a Diasonics V-3400R phased-array echocardiogram with hard copy data stored on video cassette or 4333 alpha thermal printer or both. With the two-dimensional echocardiogram, care was taken to ensure proper orientation of the M-mode beam within the left ventricular cavity for recording of the septum and posterior wall motion, as well as the opening and closure of each valve relative to the beginning of the QRS complex.
Phonocardiography was obtained in the supine position with two external microphones appropriately placed for maximal recording of each heart sound, with simultaneous carotid and apex impulse tracings. Hard copy was recorded on paper at a speed of 100 mm/sec.
Measurements
Right and left ventricular events were obtained from simultaneous dual M-mode echocardiograms. Intervals were measured from the QRS onset to mitral and tricuspid valve closure, pulmonic and aortic valve opening, pulmonic and aortic valve closure, and mitral and tricuspid valve opening. Additional measurements included both the duration of the first heart sound (SJ) and the amplitude of S, compared with the second heart sound (S2), measured from a microphone placed at the apex. To determine the onset of left ventricular contraction, the upstroke of the apex impulse and the onset of left ventricular posterior wall contraction (M-mode echocardiogram) were measured relative to the beginning of the QRS complex. The global radionuclide ventriculographic data were then fitted on a pixel-by-pixel basis with a first harmonic approximation, with a phase-shift histogram and phase image created as described previously.9 The phase-shift histogram for both the right and left ventricles was then determined after each ventricle was isolated by handdrawn regions of interest. The resultant data for each phase-shift histogram were then displayed as noted in Figure 2 , with the relative difference in phase angles converted to msec by assuming the 3600 were equal to the RR interval minus the duration of the two dropped frames. In this manner, the onset and duration of initial phase across each ventricle could be described in msec. As (Figure 4 ). The timing of these septal deflections appeared to correspond to periods of interventricular asynchrony ( Figure 5 ). Two LBBB patients had normal interventricular septal motion, and one had grossly paradoxic septal motion.
Right ventricular contraction in LBBB patients occurred much earlier than left ventricular systole and was associated with an abrupt displacement of the interventricular septum into the left ventricle ( Figure 5, 1) . Pulmonic ejection occurred during left Discussion In patients with isolated LBBB, the delay in onset of left ventricular contraction resulted in a reversal of the normal sequence between right and left ventricular mechanical events that persisted throughout the cardiac cycle. Delayed left ventricular activation, contraction, and relaxation produced interventricular asynchrony and resulted in alteration in heart sounds, diastolic filling time, interventricular septal motion, and septal contribution to left ventricular ejection fraction.
Interventricular Asynchrony
As expected, the onset of left ventricular contraction was delayed in LBBB patients compared with normal subjects as measured by apexcardiography, echocardiography, and RNV phase imaging. There appeared to be an additional delay during isovolumic contraction in some LBBB patients. The wide range of isovolumic contraction time (20-100 msec) has been reported previously18 and implies heterogeneity of left ventricular activation.
Diminished intensity of S1 appeared to be due to wide separation of valvular components, with tricuspid valve closure and pulmonic opening occurring at normal intervals but aortic valve opening being delayed. Time to mitral closure was extremely variable (0-100 msec) with premature mitral valve closure occurring in patients with prolonged PR intervals. Decreased intensity of S1 in patients with RV/LV Filling Ratio LBBB may be due in part to prolongation of the PR interval with subsequent reduction in the closing velocity or early closure of the mitral valve. 19 Prolongation of left ventricular isovolumic relaxation time may be due to alteration in repolarization.20 Alternatively, delays in electrical depolarization may result in areas of myocardium that continue to contract into early diastole.21 Delayed aortic valve closure and prolonged left ventricular isovolumic relaxation resulted in the onset of right ventricular filling preceding that of the left ventricle by 110 msec in LBBB patients.
Interventricular Septal Motion
It is well known that septal motion may be affected by alterations in right ventricular pressure or volume.22,23 Pearlman et a124 demonstrated that septal motion during systole is toward the center of ventricular mass, such that the end-diastolic position of the septum determines its subsequent systolic movement.24 Other studies have concluded that the position and shape of the septum are determined by the interventricular transseptal pressure gradient. Reversal of the transseptal pressure gradient resulted in septal displacement into the left ventricle during diastole and paradoxic systolic motion. 25 Abnormal interventricular activation and mechanical asynchrony in LBBB may result in dynamic changes throughout the cardiac cycle in both pressure and volume between the ventricles. These differences in transseptal pressure or volume may be reflected via the septum and cause septal displacement. In the present study, the onset of contraction in the right ventricle occurred before the left ventricle in LBBB patients. As a result, increased pressure during right ventricular isovolumic systole presumably exceeded left ventricular end-diastolic pressure and the septum was displaced into the left ventricle ( Figure 5, 1) . This observation is supported by Kingma and Little's observations with right ventricular pacing.26'27 They reported that the upstroke of right ventricular systolic pressure occurred earlier than that of the left ventricle and that with reversal of transseptal pressure gradient, 
